cal functioning of the sediment (Kalantzi & Karakassis 2006 , Kutti et al. 2007 , Holmer et al. 2008 , Bannister et al. 2014 . Pelagic waste dispersal and effects on water column processes are less significant (Navarro et al. 2008 , Husa et al. 2014 , Price et al. 2015 , Brager et al. 2016 . The release of fish wastes into the surrounding environment has fuelled interest in integrated multi-trophic aquaculture (IMTA) (Chopin et al. 2008 , Troell et al. 2009 , Hughes & Black 2016 , which offers an opportunity to recycle waste streams and simultaneously provide a new source for high-quality marine resources. Recent IMTA developments have been concentrated on integration of suspended bivalves and seaweeds (Chopin et al. 2008 , Granada et al. 2016 , whereas the integration of benthic deposit feeders has largely been neglected, especially in connection to openwater cage aquaculture. Given the large organic flux and impacts on the benthic system, development of benthic IMTA warrants more attention (Filgueira et al. 2017 ).
Novel approaches for integrated benthic aquaculture
Polychaetes have been identified as candidate species to convert organic wastes into valuable products and mitigate negative benthic impacts (Kinoshita et al. 2008 , Brown et al. 2011 , Fang et al. 2017 . Some opportunistic polychaetes, specially adapted to high nutrient loads, are naturally abundant in benthic habitats under fish farms and other anthropogenically modified coastal ecosystems (Dahlgren et al. 2004 , Kutti et al. 2007 , Wiklund et al. 2009a ,b, Dafforn et al. 2013 , Salvo et al. 2015 . The current field study focussed on Norway, where high abundances of polychaetes have been found under salmon cages located over hard bottoms. At those locations, species of the polychaete genera Boudemos and Ophryo trocha form mixed communities in a complex matrix of faecal waste, mucus and bacterial mats (Eikje 2013) . Ophryotrocha spp. are also commonly found as sociated with bacterial mats in soft-sediment habitats under fish farms (Kutti et al. 2007 , Paxton & Davey 2010 , Salvo et al. 2015 , but densities are highest for hard-bottom sites where mats of Ophryo trocha/ Boudemos complexes have been observed covering the entire rocky seafloor underneath the farm (Eikje 2013) .
For the development of benthic IMTA, we focussed on techniques that may enhance production of indigenous species, and by development of hardsubstrate structures, we aimed to specifically en hance the Ophryotrocha spp. communities below salmon cages. We assumed that the lack of (hard) substrates limits production under soft-sediment farms, and provision of additional habitat will in crease production under hard-bottom farms. This ap proach is different from most conventional methods that integrate extractive species in the proximity of fish aquaculture (Granada et al. 2016 , Hughes & Black 2016 in the sense that we make use of naturally available populations and do not introduce seedlings, spat or juveniles reproduced in the laboratory or collected at different locations. By providing optimal habitat conditions, the locally existing population is used as a seedling population to stimulate further growth, colonization and reproduction of the polychaete community. Being dependent on indi genous populations, generation times of the local Ophryo trocha species should match the dynamics of fish waste production in order to guarantee that the biomitigation capacity of the polychaetes is fully ex ploited and wastes are efficiently being turned over. Life cycle and reproduction estimates of 5 Ophryotrocha species indicate fast turnover of the population (days to weeks; Åkesson 1974 ), but for the species commonly found in Norway, these rates are un known. Eikje (2013) highlighted that densities under a hard-bottom fish farm in western Norway followed fish production, and thus waste deposition, indicating that the polychaete community dynamics may quickly adapt to varying conditions. The aim of this study was to evaluate the concept of enhancing local communities by testing if benthic cultivation techniques will attract local Ophryotrocha populations. This may lead to further development and design of equipment to cultivate and harvest polychaetes at commercial scales in order to use their lipids and proteins and to mitigate the organic impact at the site.
MATERIALS AND METHODS
Prototype trays were developed which consisted of 1 m 2 aluminium frames with 5 cm high edges and a perforated base to allow water to pass through. Plastic substrates with a surface of synthetic fibres were attached to the bottom of the trays. This substrate is assumed to increase surface area for attachment of the polychaetes' mucus complexes and may retain more polychaetes while retrieving the trays to the surface compared to a smooth hard surface. Trays were fastened with shackles and ropes and deployed on the bottom below fish cages.
A field trial was performed in autumn 2017, where 12 trays were deployed underneath a commercial open-water fish farm in western Norway. The average depth varied between 80 and 250 m, and the bottom consisted of both soft sediment and rocky bottom. The farm consisted of 8 circular cages (50 m diameter) arranged in 2 rows (cages 1−4 and 5−8) parallel to the dominant current direction. The current was tidally driven and oriented in a north− south direction, as determined by Doppler acoustic current measurements and model simulations. Standing stock during the field trial was 2878 t of salmon. Trays were placed (a) on the south side of each of the 8 salmon cages, and (b) additional trays were placed on the north side below cages 1, 2, 4 and 8. Tray ID refers to the cage number to which the tray was connected. After a 4 wk deployment period, the trays were re trieved and the polychaete species were identified. Visual identification was subsequently con firmed by DNA sequencing of subsamples (n = 18). DNA sequencing was performed using the metazoan cytochrome c oxidase subunit I (COI) barcode gene ampli fied and sequenced with universal metazoan primers and standard amplification and sequencing protocols (Folmer et al. 1994 , Hebert et al. 2003 followed by a BLAST search (https:// blast.ncbi. nlm. nih. gov) to match with GenBank data.
It was expected that many polychaetes would be lost during the retrieval of trays from the deployment depths (80−250 m) to the surface, so non-invasive video inspections (GoPro 5 with additional light) were performed to investigate in situ development of the epifaunal communities on the trays. Video surveys were performed on trays 1a,b, 2a, 3a, 4a, 5a and 8a after 2 wk deployment, and at the end of the deployment period (after wk 4) all trays were filmed before retrieval. Videos were analysed by categorizing polychaete coverage as a percentage of tray surface by an expert panel of 9 people.
RESULTS
The video inspections halfway through the deployment period showed nearly 100% coverage by Ophryo trocha spp. for at least 1 tray (Tray 1b), in di cating that trays can be quickly colonized by Ophryo trocha complexes. Ophryotrocha spp. not only occupied the surface of the trays, but also formed 3D structures, building mucus strings using the ropes and shackles connected to the trays (Fig. 1) . This 'vertical behaviour' was previously observed under laboratory conditions (M. A. J. Nederlof pers. obs.). DNA analysis confirmed that the dominant species observed on the trays after retrieval were O. craigsmithi ( Fig. 2A) . Additionally, soft-substrate species such as Capitella spp. and Malacoceros fuli gi nosus were found and especially the areas within the substrate blades seemed to serve as a suitable habitat for these polychaetes. Polychaete species ob served in low abundances included Prionospio plumosa, O. lobifera and Boude mos ardabilia.
In situ video recordings showed large numbers of Ophryotrocha spp. occupying the surface of the trays, whereas after the trays were brought to surface, it was evident that the numbers had diminished. No correlation was found between in situ coverage ( Fig. 2B ) and counts after retrieval, demonstrating that the relative species abundance ( Fig. 2A) nant species rather than being used for quantification of species abundance. Furthermore, it is likely that the underestimation of the abundance of small polychaetes, such as Ophryotrocha spp., is higher compared to other opportunistic polychaete species, as the mucus/Ophryotrocha complex is easily detached from the surface of the frames during the retrieval process. Furthermore, the primarily infaunal species of Capitella spp. and Malacoceros fuliginosus were embedded in the substrate and more likely to remain captured within the substrate during the retrieval process. The average abundance of (mean ± SD) 6200 ± 5400 individuals per m 2 (11.1 ± 9.7 g ash-free dry weight m −2 ) determined after retrieval is therefore a fraction of the true potential for attraction of Ophryotrocha spp. on the trays. Paxton & Davey (2010) reported densities of 100 000 ind. m −2 for O. shieldsi associated with open-water fish farming in Australia, indicating that the potential is indeed much higher than measured after tray retrieval. The difference in Ophryotrocha spp. occurrence between the trays was large, varying from nearly 0% to almost 100% coverage after 4 wk of deployment (Fig. 1) . A northwest−southeast gradient was observed in the coverage (Fig. 2B) , which seemed to correlate with observations of the amount of organic waste from the fish farm on the trays (sediment trap information and amount of organic waste trapped on the frames; data not shown).
DISCUSSION

Succession of polychaete communities under fish farms
Opportunistic Ophryotrocha spp. have been described as generally short-lived and reproducing quickly (Åkesson 1974 , Paxton & Davey 2010 . Given the short deployment duration of the trays, it seems unlikely that fast colonization in the field trial resulted from reproduction, but rather originated from an existing population at the site (Keeley et al. 2015 ). Yet the attraction of nearby populations suggests a preference of the tray substrate over sediments at the site. Based on life cycle estimates and continuous reproduction patterns in other Ophryotrocha species (days to weeks ; Åkesson 1974 ) and population dynamics of Ophryotrocha complexes underneath Norwegian salmon farms (Eikje 2013), we assume quick reproduction, which suggests a high potential for fast colonization rates on the benthic cultivation trays and thus for biomass production and waste conversion. Organic loading from fish farms seems to be a strong driver for population dynamics of Ophryotrocha spp. communities (Eikje 2013 , Salvo et al. 2015 . O. craigsmithi feed directly on fish wastes under laboratory conditions (H. M. Jansen pers. obs.), but it remains unresolved whether the microbial loop plays an important role in food acquisition of the polychaetes ) determined after retrieval of the cultivation trays. Abundance of Ophryotrocha spp. is underestimated, as an unknown fraction of individuals was lost during retrieval from deployment depth to the surface. (B) In situ measurement of Ophryotrocha coverage (%) on each tray as determined by video analysis prior to sampling (4 wk deployment) and defined by the coverage of the tray surface by the Ophryotrocha complexes (polychaetes including mucus). Tray ID refers to the cage number to which the tray was connected. Trays were placed (a) on the south side of each of the 8 salmon cages, and (b) additional trays were placed on the north side below cages 1, 2, 4 and 8. The quality of video recordings of Tray 1a, 2b and 5a was not sufficient for categorizing the tray coverage and they were therefore omitted and thereby in waste decomposition (Salvo et al. 2015 , Nederlof et al. 2019 . Either way, Eikje (2013) re ported a significant increase in population size throughout a salmon production cycle but also a steep decrease after the fish were harvested and orga nic loading disappeared. Visual observations from the field trial also suggested higher Ophryotrocha spp. coverage on trays with higher organic loading. This supports the dependence of Ophryotrocha spp. communities on organic deposition, suggesting a significant role in waste conversion and making them promising candidates for development of integrated benthic aquaculture.
Perspective for integrated benthic aquaculture
Our results from the field trial highlight important factors to consider in the optimization of benthic cultivation techniques in order to further enhance the colonization of Ophryo trocha spp: (1) The characteristics of forming a horizontal and vertical matrix of polychaetes, mucus, organic waste and bacteria suggests that 3D cultivation structures might further stimulate development of Ophryotrocha spp. communities. 3D structures also provide the opportunity for enlarging the cultivation surface area and thus potential for increasing biomass production. It is thereby important that systems will be designed in such a way that wastes will reach all sections of the 3D structure. (2) Two substrates varying in fibre length were tested during the field trial and resulted in similar colonization of Ophryotrocha spp. and infaunal polychaetes; however, further development of benthic cultivation trays could still benefit from evaluation of alternative substrates. (3) To be able to design the optimal cultivation systems, more insight is needed into the role of mucus and associ ated bacteria in the life cycle of Ophryotrocha spp., as it is still largely unknown to what extent degraded flocculent organic matter, fresh fish pellets or bacterial mats contribute to the diet of the different Ophryo trocha species (Salvo et al. 2015) . (4) Cultivation trays were placed directly on the bottom underneath salmon cages, but to decrease the level of impact on the seafloor and preserve natural habitats, cultivation trays suspended in the water column may have advantages. It is still unknown what the optimal or maximum height is above the seafloor that will result in high attraction of Ophryotrocha complexes. Moving up in the water column does require critical evaluation of fish farm− polychaete interactions apart from organic loading, for example potential negative effects of medicine residues (Fang et al. 2018 ). (5) Depth of deployment will influence the functioning of benthic habitats underneath the suspended trays in terms of water currents or/and oxygen supply, and effects should be minimized in order to have the least effect on the health status of the bottom. (6) Trays should be de ployed long enough to provide a habitat for colonizing and reproducing poly chaetes, yet there could potentially be an optimum deployment time, or re peti tive harvest strategies could be envisioned throughout the production cycle. This should be evaluated together with making a biological as sessment of the generation times and driving factors for reproduction, specifically for Ophryotrocha craigsmithi. (7) Losses of polychaetes during retrieval of the trays demonstrates the need for efficient harvest methods, both from a commercial perspective as well as for re search purposes. Systems that can collect polychaetes before retrieval would thereby be optimal (e.g. by sealing [parts of] the trays, or by suction devices that collect polychaetes from the trays). Depth of the farm location will determine whether this can be done by diving or by remotely operated techniques.
The production potential of O. craigsmithi under laboratory conditions (Nederlof et al. 2019 ) is high in comparison to Nereis virens used in recirculating aquaculture systems and pond-integrated aquaculture (Brown et al. 2011 ), or to soft-sediment opportunistic Capitella spp. cultured under a shallow fish farm in Japan (Kinoshita et al. 2008) . Furthermore, the body composition of O. craigsmithi seems interesting as an alternative high-quality marine resource (Nederlof et al. 2019) . The deployment of benthic trays has been shown to attract dense Ophryotrocha communities, indicating that the alternative IMTA concept of enhancing indigenous species may be a promising approach for benthic cultivation in integrated open water systems. Besides optimization of the benthic cultivation design, follow-up studies will evaluate the role of Ophryotrocha spp. and other species attracted to the benthic cultivation trays in waste recycling and assess their economic potential as a new high-quality marine resource. Combined, this allows us to assess the potential of integrated aquaculture using novel benthic cultivation techniques.
